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Abstract: Based on the chemical properties of different two-dimensional structural units of layered
silicate minerals and their reaction properties to acidic media, sulfuric acid solution-mineral leaching
systems with pH values of 2.0, 4.0 and 6.0 were constructed to investigate the differential dissolution
properties of lizardite, chlorite and talc and the chemical kinetic mechanism of mineral-water interface
reaction. The results showed that the dissolution efficiency of Mg in lizardite is higher than that of
chlorite and talc in acidic environments with pH values of 2.0, 4.0 and 6.0. The dissolution efficiency
of Mg in chlorite is greater than that of talc in acidic environment with pH value of 2.0 and 4.0.
Chlorite and talc have nearly identical Mg dissolution efficiencies at a pH of 6.0. This phenomenon is
related to the defect site on the tetrahedral sheet of chlorite and is controlled by the change of the
dissolution efficiency of Al. The dissolution rates of Mg and Si in lizardite, chlorite and talc decreased

with the increase of reaction time in acidic medium with pH values of 2.0, 4.0 and 6.0, and there are
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two linear dissolution trends at different pH values. The dissolution efficiencies of Mg and Si in
lizardite, chlorite and talc were simulated and predicted by establishing a Logistic model. It is found
that the maximum dissolution efficiency of chlorite and talc as 2:1 type minerals are only 4.72% and
1.58%, which is much lower than that of 1:1 type lizardite. The research on the reaction mechanism
and dissolution kinetics of lizardite, chlorite and talc not only help to deepen the understanding of the
mineral-water interface interaction, but also reveals the different rules of Mg, Si and Al dissolution in
different types of trioctahedral mineral-water interface reaction, and provides a crystal chemical basis
for the ion migration and action mechanism of minerals.
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Introduction

Phyllosilicate minerals play an important role in the physical and chemical processes of many
natural systems, especially under the action of aqueous solution (the presence of water molecules),
refining, component dissolution, exchange/adsorption, structural evolution and other processes are
constantly occurring, which is very important to maintain the function of the Earth ecosystem (Sposito,
1989; Hao et al. 2019). Due to the development of human industrial production, industrial wastewater
discharged from coal burning, oil burning, mining and processing, organic and inorganic chemical
production, etc., leads to air pollution and acid rain, resulting in local water or soil acidity (Ren et al.
2023). This further increases the reaction rate and complexity of the reaction process at the mineral-
water interface. Therefore, the reaction process and results of layered silicate minerals in acidic media
should be fully understood.

A lot of basic research has been done on the weathering of phyllosilicate minerals (Stumm and
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Wieland, 1990; Meng et al. 2016; Peng et al. 2016). Among them, the weathering of dioctahedral
minerals such as kaolinite and montmorillonite is more studied (Amram and Ganor, 2005; Cappelli et
al. 2018; Krupskaya et al. 2019; Lin et al. 2020). The reaction mechanism of trioctahedral minerals
such as lizardite, chlorite, talc and vermiculite in acidic media has gradually attracted attention. The
main results show that Mg?* in different lizardite minerals has different dissolution characteristics, and
the dissolution rate of Mg?* is closely related to the crystal structure, chemical properties and
microscopic morphology (Lacinska et al. 2016). In sulfuric acid solutions with different pH values,
the dissolution rate and the sequence of ion release of chlorite are controlled by pH value, and the
higher the concentration of H*, the more favorable the preferential release of Fe** from the octahedron
(Liao et al. 2021). When talc is reacted in a closed solution system at 25°C and pH 5, it can be found
that the dissolution rate of Mg in octahedral sheets is higher than that of Si in tetrahedral sheets, and
the dissolution rate of talc is controlled by the degree of destruction of silica tetrahedral sheets (Lin
and Cemency, 1981). With the in-depth study of talc in different pH ranges, it has been found that pH
has little or no effect on the dissolution rate of talc (Jurinski and Rimstidt, 2001). After summarizing
the dissolution process of stratified silicate minerals in different acidic media, it is found that it is
difficult to compare the research results due to the different experimental conditions of the obtained
data. Therefore, there is a lack of research on the chemical kinetics mechanism of mineral-water
interface based on the different properties of different two-dimensional structural units of
phyllosilicate minerals. Due to differences in composition and structure, dioctahedral minerals
generally exhibit greater stability than trioctahedral minerals. Consequently, trioctahedral minerals
demonstrate higher ion dissolution rates and migration abilities, leading to a more significant impact

on the ecological environment. Therefore, this study selects trioctahedral minerals as the research
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object.

Lizardite, chlorite and talc belong to the trioctahedral phyllosilicate minerals. Their structural
layers are formed by the combination of silica tetrahedral sheet (Si,Os) (T) and octahedral sheet M- (O,
OH) (O). Between the structural layers are interlayer domains with or without interlayer matter
(Gazze et al. 2014; He et al. 2016). For example, lizardite (1:1 type, no interlayer, Fig. 1a), talc (2:1
type, no interlayer, Fig. 1b) and chlorite (2:1 type, interlayer, Fig. 1c), along the c-axis, the structural
layers and interlayer domains form structural unit layers or crystal layers (Hegyesi et al. 2020). The
minerals in different crystal layers have different composition, structure and chemical bond strength
properties, so they have different chemical stability and dissolution kinetics, and the siloxane or
hydroxyl base surface and corresponding edge (end surface) formed by them should have different
chemical activities.

In this research, by constructing percolation systems with different pH values (ranging from 2 to
6) and simulating acid precipitation, leaching experiments were carried out on minerals, and an open
mineral-water interface reaction environment was established to analyze the mineral filtrate residue
and filtrate samples after leaching. In order to investigate the structural changes and the dissolution
efficiency and dissolution rate of components in the mineral-water interfacial reaction of lizardite,
chlorite and talc under different acidic environments, the kinetic model of Mg and Si dissolution in

lizardite, chlorite and talc was established.
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Fig. 1. Schematic diagram of crystal structure of lizardite (a), talc (b) and chlorite (c).
Materials and methods

Materials and reagents

Lizardite and chlorite were collected from Xiuyan County, North Wagou Xiuyu Mine, and talc
was collected in Guilin Longsheng, Guangxi. The samples were crushed and ground (through 200
mesh screening). In order to minimize the influence of high-energy surface sites and fine particles
generated during the grinding process, the samples were rinsed three times in ultrapure water
(resistivity > 18.2 mQ cm) subsequent to ultrasonic bath. pH value was adjusted with a solution of
sodium hydroxide (NaOH, 1%) and dilute sulfuric acid (H.SO4, 1%). All chemical reagents were
analytical grade reagents, provided by Chengdu Kelong Chemical Ltd. All experiments were carried

out in the leaching device, as shown in Fig. 2.
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Fig. 2. Experimental apparatus used in the leaching process.



Experimental

At room temperature, samples of 1 g lizardite, chlorite, and talc minerals respectively were
weighed and placed in the leachate (Fig. 2). The leaching method was used to replace the mixed flow
reactor, which was closer to the natural system. In the leaching process, the pH value of the leaching
solution is always kept constant to prevent the experimental error caused by the change of pH value
when reacting with the mineral sample; Simultaneously, the solution will be transferred after a water
interface interaction between air precipitation and mineral samples in their natural environment.
Additionally, the reaction device will be built to release the filtrate after the reaction. The leaching
solution used was sulfuric acid solution with pH values of 2.0, 4.0 and 6.0, respectively. In the
leaching experiment, the flow rate of sulfuric acid solution with different pH values was set at 0.4
mL/min, and the duration of the experiment was 40 hours. The filtrate is collected in a closed glass
bottle and analyzed every 4 hours for a total of 10 sample solutions. The sample solution is used for
ICP analysis to calculate the concentrations of Mg, Si and Al in the solution. After the leaching
experiment was completed, the solid mineral samples were washed 3 times with ultrapure water, dried
at 60°C, and then ground for X-ray diffraction (XRD) test. The samples were labeled as Lz, Chl, and

Tlc, for lizardite, chlorite and talc respectively.

Characterization

Chemical analysis of major elements was performed by X-ray fluorescence (XRF). Elements
were analyzed using Axios series X-ray fluorescence spectrometer, equipped with an X-ray tube with
a Rh anode and a maximum voltage/current of 60 k\V/150 mA. The fundamental parameter method

using Spectra plus software was used to quantify the elements.
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The specific surface area of the lizardite, chlorite and talc were measured by the Brunauer—
Emmett—Teller (BET) method, using 5-point N, adsorption isotherms, after degassing the sample for
60 min at 120 °C, using a McASAP 2460 (Norcross, Georgia, USA) instrument.

X-ray diffraction (XRD) was used to determine the mineralogical changes in the samples before
and after the water-interface reaction. XRD data were obtained using a D/max-Il11A diffractometer
manufactured by Rigaku (Tokyo, Japan). A copper target with a sum-tube voltage of 40 kV and a sum-
tube current of 40 mA was accompanied by a slit system DS1/2(°). The powdered samples were
analyzed between 3 and 80° of 26 value. The step size was 0.02°260 and the scan rate was 2 s/step.

The cation (Mg, Si) content in solution was measured by an inductively coupled plasma emission
spectrometer (ThermoiCAP 6500, Waltham, Massachusetts, USA). Prior to each analysis, the ICP was
calibrated (r* > 0.999) via serial dilution of certified standards (BDH Limited).

The average rate of dissolution of each ion in the mineral is calculated as follows:

T, (E) Cixmq (1)

tXMmyXSSAXN;

where C;j is the concentration of solute i (Mg, Si, Al, mmol/kg) in the sample recovered at time t; m; is
the mass of the sample solution before sampling (in kg); t is the sample reaction time; mq is the initial
mass of the mineral (in g); SSA (m?/g) is the specific surface area of the mineral; and 7; is the

stoichiometric coefficient of element i in the mineral.

Results and Discussion

Chemical analysis of raw minerals

The XRF analysis of the purified samples of lizardite (Lz), chlorite (Chl) and talc (Tlc) are
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shown in Table 1. The typical structural layer of Lz is 0.44 nm thick and consists of tetrahedral and
octahedral sheets (Wang et al. 2006; Evans et al. 2013). In the tetrahedral sheets, Si is replaced by Al
and Fe, while in the octahedral sheets, Mg is replaced by Fe and a small amount of Cr, Ni, and Ti
(Mellini and Zanazzi, 1987; Fuchs et al. 1998). Chl consists of a negatively charged tetrahedral-
octahedral-tetrahedral (TOT) layer with a thickness of 0.66 nm and a positively charged interlayer
octahedral sheet with a thickness of 0.22 nm (Brigatti et al. 2013). In the tetrahedral sheet, Al replaces
Si, and in the octahedral sheet, Al and Fe replace Mg, and a small amount of Cr and Mn occupy the
octahedral sheets (Barnhisel and Bertsch, 1989). Tlc is 2:1 type structure, where the tetrahedral sheet
only contains Si, there is a small amount of Fe instead of Mg in the octahedral sheets (Douillard et al.
2007; Saldi et al. 2007). According to Table 1, the crystal chemical formulas of Lz, Chl and Tlc were
calculated on the basis of (O) 11 and (O) 14 oxygen atoms:

Lz: (MJs.418F€0.402Cr0.028Ni0.02 Th0.007)5.875[(Siz.777Al0.123F€0.1)4010] (OH)s

Chl: (Mgs.401F€1.105Al0.956MNo.033Cr0.007)5.502 [(Si2.586A11.414)2010] (OH)g

Tlc: (Mg2.987F€0.013)3[Si4010] (OH)2

Table 1

Chemical composition of Lz, Chl and Tlc samples (wt.%).

Sample SiO, MgO Fe,0; AlLO; K,O Cr,03 BaO NiO SO; TiO, CaO MnO LOIl. Total

Lz 3893 3746 688 108 059 036 030 026 017 010 010 0.01 13.67 100.00

Chl 2574 2271 1461 20.01 059 0.09 028 <001 011 448 042 039 10.44 100.00

Tlc 6425 3201 027 005 042 <001 020 <001 0.02 0.02 061 <001 203 100.00

Leaching based variations in mineral structure

XRD analysis
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Fig. 3. XRD pattern of mineral samples with sulfuric acid solution at pH 2.0, 4.0 and 6.0 after leaching for 40 hours.
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According to Fig. 3, the diffraction peaks of the original Lz are dog1 = 7.29A, di10 = 4.76A and

dooz = 3.64A, and contain a small amount of Chl (dgo; = 14.1A, dgos = 3.67A). The diffraction peak of

Chl is only found in Chl (doo:= 14.23A, dggo= 7.11A, dgoz= 4.73A, dogs= 3.55A). The diffraction peaks

of Tlc are dogo= 9.37A, dogs= 4.67A and dogs= 3.12A. After being leached by sulfuric acid solutions

with pH values of 2.0, 4.0 and 6.0 for 40 hours, the intensity of dqg series diffraction peak decreases

with the decrease of pH value of sulfuric acid solution. It shows that the crystal structure of Lz and

Chl is further destroyed with the "attack™ of H* in solution. After the Tlc samples were leached by

sulfuric acid solution with different pH values for 40 hours, the diffraction peak intensity did not

change significantly. Therefore, compared with Lz and Chl, Tlc is more stable, and the "attack" of H*

in the solution will not cause obvious damage to the crystal structure of Tlc.

SEM analysis



Fig.4 SEM images:(a) Lz original, (b) Lz in sulfuric acid solution with pH 2.0 (c) Chl original, (d) Chl in sulfuric
acid solution with pH 2.0, (e) Tlc original, (f) Tlc in sulfuric acid solution with pH 2.0.

The Lz original sample (Fig. 4a) mainly presents lamellar micromorphology, with some small
mineral particles and tubular chrysotile attached to the surface. After Lz reacts with sulfuric acid
solution with pH of 2.0 for 40 h (Fig. 4b), the laminar main structure is retained, the outer surface is
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corroded and forms erosion pits. The large layer structure is destroyed into small layers, and more
small mineral particles and tubular chrysotile corroded by H* were adsorbed on the Lz surface. The
original structure of Chl is relatively complete (Fig. 4c). After 40 h reaction with a pH of 2.0 sulfuric
acid solution. Obvious erosion can be found on the surface of Chl, and clear lamellar structures can be
seen from the edge of the destroyed mineral. This also indicates that the dissolution of Chl in acidic
solution occurred at the grain edge, and at the cracks and structural defects (Ross, 1969; Kameda et al.,
2009). For Tlc, after reaction for 24 h (Fig. 4f), the edge lamellae were attacked by H™, the structure
was destroyed and corroded, and part of the structure of Tlc collapsed. The Tlc surface undergoes

corrosion, resulting in the formation of small flakes that adhere to the mineral surface.

Dissolution of Mg, Si and Al in minerals

Dissolution efficiencies of Mg, Si and Al

Table 2
Concentrations of Mg, Si and Al in solution after leaching Lz, Chl and Tlc in sulfuric acid medium with pH of 2.0,

4.0 and 6.0 for different time (mg/L).

Time pH - S Al
Lz Chl Tic Lz Chl Tic Lz Chl Tic
4h 2 33.05 12.83 13.46 2.76 421 0.49 - 6.91 -
8h 2 30.06 10.53 10.24 2.75 3.90 0.41 - 6.31 -
12h 2 26.68 9.17 8.07 2.47 3.67 0.34 - 5.81 -
16h 2 25.71 8.30 6.70 2.65 3.49 0.35 - 5.42 -
20h 2 23.44 7.34 5.47 2.43 3.25 0.30 - 4.86 -
24h 2 22.97 6.55 4.65 2.47 2.99 0.28 - 4.34 -
28h 2 21.95 5.95 4.04 2.36 2.79 0.26 - 3.97 -
32h 2 21.07 5.44 3.57 2.26 2.58 0.25 - 3.62 -
36h 2 20.36 5.05 3.21 2.18 2.42 0.24 - 3.36 -
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40h 2 19.73 471 2.91 2.10 2.27 0.23 - 3.12
4h 4 5.10 2.26 2.63 1.23 0.54 0.55 - 0.60
8h 4 3.69 1.65 1.78 1.35 0.41 0.60 - 0.42
12h 4 2.82 1.29 1.42 1.12 0.34 0.55 - 0.32
16h 4 2.42 1.09 1.21 1.05 0.29 0.47 - 0.27
20h 4 2.24 0.95 1.11 1.06 0.26 0.46 - 0.24
24h 4 2.09 0.93 1.02 1.05 0.27 0.44 - 0.23
28h 4 1.98 0.88 0.97 1.01 0.26 0.40 - 0.23
32h 4 1.96 0.84 0.93 1.04 0.26 0.39 - 0.23
36h 4 1.90 0.80 0.88 1.02 0.25 0.37 - 0.22
40h 4 1.84 0.78 0.85 0.99 0.25 0.34 - 0.21
4h 6 1.11 0.30 0.48 0.50 0.13 0.37 - <0.01
8h 6 0.87 0.25 0.43 0.58 0.11 0.35 - <0.01
12h 6 0.75 0.28 0.44 0.56 0.13 0.39 - <0.01
16h 6 0.68 0.26 0.41 0.53 0.12 0.35 - <0.01
20h 6 0.62 0.26 0.39 0.51 0.12 0.31 - <0.01
24h 6 0.60 0.25 0.38 0.50 0.12 0.29 - <0.01
28h 6 0.57 0.25 0.36 0.49 0.12 0.27 - <0.01
32h 6 0.53 0.25 0.34 0.47 0.12 0.25 - <0.01
36h 6 0.52 0.24 0.33 0.45 0.12 0.24 - <0.01
40h 6 0.51 0.23 0.32 0.45 0.11 0.22 - <0.01
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Fig.5. Effect of leaching time of sulfuric acid solution with pH values 2.0, 4.0 and 6.0 on dissolution efficiency

of Mg and Si in minerals.

The concentration of Mg and Si in the filtrate collected each time was analyzed and calculated,
and the dissolution efficiencies of Mg and Si in Lz, Chl and Tlc were obtained. In general, when
sulfuric acid solutions with different pH values leached Lz, Chl and Tlc, the dissolution efficiencies of
Mg and Si of the three minerals increased with the decrease of pH value. The dissolution efficiency of
Mg in Lz is higher than that of Chl and Tlc under acidic pH values of 2.0, 4.0 and 6.0. The dissolution

efficiency of Mg in Chl is greater than that of Tlc under acidic pH values of 2.0 and 4.0. When pH
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value was 6.0, the dissolution efficiency of Mg in Chl and Tlc is basically the same (Fig._5e). The
difference in the dissolution efficiency of Mg is mainly due to the difference in the structure of
minerals. Lz has a 1:1 type structure. When H™ in sulfuric acid solution enters the interlayer domain,
Mg-OH on each octahedral sheet reacts fully with H*, and a large amount of Mg can be released from
the octahedral sheet. While Tlc and Chl are 2:1 type structure minerals, H™ attacks (OH) on the
octahedral sheets by the mineral edge (end surface), resulting in the destruction of the outer octahedral
sheet and the dissolution of a small amount of Mg. When pH was 2.0, the dissolution efficiency of Mg
in Lz gradually increases with the increase of leaching time, while the dissolution efficiency of Mg in
Chl_and Tlc increases first and then gradually approaches a constant value (Fig. 5a). In the early stage
of the leaching process of Chl and Tlc, the dissolution of Mg is gradually carried out from the outside
to the inside at the edge (end surface) (Saldi et al. 2007). Due to the dissolution of Mg, the silica
tetrahedral sheets on both sides gradually collapse to the middle, resulting in the dissolution reaction
between the solution and Mg-OH (Kameda et al. 2009). Therefore, the dissolution efficiency of 2:1
type minerals Mg is smaller than that of 1:1 type minerals, and the dissolution efficiency of Mg
gradually stabilize after the first increase.

The differential dissolution of Mg in Chl and Tlc at pH values of 2.0 and 4.0 primarily occurs
due to the structural differences between Chl and Tlc. In Chl, the interlayer domain consists of a
brucite (Mg-OH) octahedral layer. The presence of H* ions can directly react with the brucite layer,
leading to the destruction of the octahedral sandwich structure and subsequent dissolution of Mg from
the Chl structure. The tetrahedral structure has the phenomenon that Al replaces Si, and Al occupies
about 35% of the tetrahedral sheet. When Chl reacts with sulfuric acid solution, because the bond

energy of Al-O bond is smaller than that of Si-O bond (Nnanwube et al. 2022, 2024), Al on tetrahedral
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sheets will dissolve out before Si, resulting in defect sites on tetrahedral sheets. H™ enters from these
defect sites and reacts with octahedral sheets, increasing the dissolution efficiency of Mg. Due to the
dissolution of Al from the mineral structure and subsequent hydrolysis reactions, it leads to the
disruption of bridge oxygen between the tetrahedral and octahedral sheets, thereby expediting the
dissolution process of both sheets (Bickmore et al., 2001; Li et al., 2020). The dissolution efficiency of
Al is very important in the leaching process of Chl in acidic medium. This conclusion can be
confirmed by Fig. 6. When the pH value is 2.0, Al/Si >1 (Fig. 6) during the mineral reaction, Al is
preferentially dissolved from the tetrahedral sheet compared to Si. The dissolution efficiency of Mg in
Chl is obviously higher than that of Tlc. When pH value is 4.0, Al/Si = 1 during the reaction,
indicating that the release amount of Al is equal to that of Si, and the dissolution efficiency of Al
decreases, indicating that with the increase of pH value, the defect sites on tetrahedral sheets decrease,
preventing H* from entering these defect sites and reacting with octahedral sheets. Therefore, the
dissolution efficiency of Mg in Chl is slightly greater than that of Tlc. At pH 6.0, Al/Si = 0 and
remained constant during the reaction. This suggests that the dissolution efficacy of Al is negligible
and can be disregarded. Consequently, the tetrahedral sheets exhibit a minimal number of defect sites
during the water interface reaction process. Therefore, the dissolution efficiency of Mg in Chl is
basically the same as that of Tlc.

At a pH of 2.0, the percentage of Si dissolution in chlorite is greater than that of Lz and Tlc (Fig.
5b) due to the preferential dissolution of Al in many tetrahedral sheets. (Hamer et al. 2003). As a result,
Si is able to connect to the mineral surface through fewer than three bridging oxygen atoms, causing it
to detach from the octahedral sheet more rapidly. Consequently, Si in Chl dissolves more easily

compared to Lz and Tlc (Saldi et al. 2007).
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The dissolution efficiency of Si in Lz is greater than that of Tlc, because there is a small amount
of Al and Fe replacing Si in the silica tetrahedral sheet of Lz, while there is basically only Si on the
tetrahedral sheet of Tlc, and there is almost no defect site, so the dissolution efficiency of Si in Tlc in
the acid medium leaching process is the lowest. By comparing the dissolution efficiency of Si in Tlc
when pH values are 2.0, 4.0 and 6.0, it can be found that the silicon-oxygen tetrahedron sheet in Tlc is
very stable, and pH values have little or no effect on the dissolution efficiency of Tlc (Jurinski and
Rimstidt, 2001). At pH values of 4.0 and 6.0, the dissolution efficiency of Si in Chl and Tlc is the
same as that of Mg, which is related to the defect site on the tetrahedral sheet and controlled by the

dissolution efficiency change of Al.
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Fig.6. Effect of leaching time of sulfuric acid solution at pH 2.0, 4.0 and 6.0 on Al/ Si in Chl.
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Mg/Si content variation in filtrate
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Fig.7. Effect of leaching time of sulfuric acid solution at different pH values on Mg/Si in filtrate of Lz, Chl and Tlc.
a. Lz; b. Chl; c. Tlc; The horizontal line represents the ideal stoichiometric ratio.

The sulfuric acid solutions with different pH values have great influence on Mg/Si ratio by
leaching Lz, Chl and Tlc, and have different dissolution laws (Fig. 7). The general trend is that in
acidic media with pH values of 2.0, 4.0 and 6.0, a gradual decrease in the Mg/Si ratio can be observed
with increasing reaction time. This exponential dependence over time and the tendency to change in
acidic media is consistent with other measurements of early silicate dissolution (Lin and Cemency,
1981; Schott and Berner, 1983, 1985).

With the increase of pH value, the Mg/Si ratio of Lz and Tlc is closer to the ideal stoichiometric
ratio (Fig. 7a). Under the leaching of acidic medium with pH value of 6.0, the Mg/Si ratio of Lz
gradually tends to be constant and reaches the ideal stoichiometric ratio with the progress of the
reaction, and the Mg/Si ratio of Tlc is slightly higher than the ideal stoichiometric ratio. When pH
value is 2.0, the Mg/Si dissolution ratio of the three minerals is as follows: Tlc > Lz > Chl. Because
the tetrahedral sheet of Tlc is stable, and the tetrahedral sheet of Chl has the phenomenon of Al
replacing Si, the reaction with H* will produce a large number of defect sites and lead to the

dissolution of Si. The Mg/Si ratio of Chl at pH 4.0 is greater than that at pH 2.0 (Fig. 7b). This is
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different from the dissolution rule of Mg/Si ratio of Lz and Tlc. This is because with the increase of
pH value, the dissolution efficiency of Al in Chl greatly decreases, and the defect site on the
tetrahedral sheet greatly decreases, resulting in the dissolution efficiency of Si also decreasing. It can
be found that the change of Al dissolution efficiency in Chl will directly affect the size of Si
dissolution efficiency, and the change of acidic pH value has a greater impact on the dissolution

efficiency of Al.

Dissolution rate of Mg, Si and Al
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Fig.8. Effect of leaching time of sulfuric acid solution at different pH values on dissolution rate of Mg, Si and Al in

Lz, Chl and Tlc (logarithmic form).

The normalisation of the reaction surface area is typically correlated with the macroscopic

dissolving rate of ions in minerals. Various models for reaction surface area are proposed based on

different minerals: (1) The reaction surface area is typically considered to be either the BET surface

area of the mineral or directly proportionate to the BET surface area. (Ganor et al. 1999); (2) The

reaction surface area is limited to certain crystal surfaces or is mainly controlled by surface defects

(Nagy, 1995). When studying the dissolution kinetics of clay minerals, a common practice is to

normalize the dissolution rate to their specific surface area (e.g., either partial or total surface

including interlayer, external surface or edge surface; Bibi et al. 2011; Daval et al. 2013). Fig. 8 shows
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the dissolution rates of Mg, Si and Al in acidic media with different pH values using BET surface area
as the reaction surface area. The BET specific surface area test results were 17.8 m?/g for Lz, 4.1 m2/g
for Chl, and 3.5 m2/g for Tlc.

Although there are differences in mineral composition, such as the highest Mg content in Lz and
the highest Si content in Tlc, the results of the study showed that the dissolution rate of minerals has a
similar relationship with time and pH of the medium. In general, the dissolution rate of Mg and Si in
Lz, Chl and Tlc decreased with the increase of time when pH values were kept at 2.0, 4.0 and 6.0.
This may be due to the dissolution of fine particles and the preferential reaction of high surface
activation energy regions or defect sites on large granular minerals during the initial phase of
dissolution. For 2:1 type minerals (Chl and TIc), the initial dissolution rate was higher, and the
dissolution rate of Mg was higher than that of Si, due to the rapid ion exchange reaction between H* in
the acidic medium and Mg in the outer layer of the octahedral sheet (Kohler et al. 2005; Bibi et al.
2011). Due to the high surface area of Lz, the dissolution rate of Mg is always lower than that of Chl
and Tlc after normalization.

When the pH value is 2.0, the dissolution rate of Mg in Tlc presents a two-stage linear decrease
trend during the reaction, which is different from the dissolution rate of Mg in Lz and Chl. The reason
is that the dissolution of Mg in Tlc gradually proceeds from the outside to the inside at the edge (outer
surface) during the reaction. Due to the dissolution of Mg, the silica tetrahedral sheet on both sides
gradually collapses to the middle. As a result, the dissolution reaction between the solution and Mg-
OH is blocked, so the dissolution rate of Mg gradually decreases. When pH value is 4.0, the
dissolution rate of Lz, Chl and Tlc, Mg has a rapid decrease stage in the first 12 hours, and then the

dissolution rate of Mg gradually decreases, showing a linear decrease trend in two stages during the
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reaction. It can be found that the dissolution rate of Lz and Chl Mg is greatly affected by the increase
of pH, that is, the dissolution of Lz and Chl are more sensitive to pH. The dissolution rate of Si in Lz
and Chl has the same dissolution law in acidic media with different pH values, while the dissolution
rate of Si in Tlc is almost unaffected by pH values (Jurinski and Rimstidt, 2001). At pH 2.0 and 4.0,
the dissolution laws of Al (Fig. 8g), Mg and Si in Chl are the same (When pH value is 6.0, the

dissolution of Al in Chl was found negligible).
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Fig.9. The logarithm of the dissolution rates of Mg and Si compared in sulfuric acid solutions of different pH values
(the diagonal line corresponds to equal dissolution).

Previous studies on the dissolution reactions of 1:1 type and 2:1 type layered silicates in acidic
media showed that cations in octahedral sheets were more easily released into solution than those in
tetrahedral sheets (Kalinowski and Schweda, 2007; Rozalen et al. 2008; Krupskaya et al. 2017; Li et
al. 2022). The reason is that the Mg-O bond is more likely to break than the Si-O bond, that is, the
dissolution efficiency and dissolution rate of Mg in the octahedral sheet are greater than that of Si in
the tetrahedral sheet. The dissolution laws of Lz, Chl and Tlc in acidic media in this paper are

consistent with previous studies.
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Model study on dissolution rate of Mg and Si
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Fig.10. Logistic model was used to simulate the influence of sulfuric acid leaching time at pH value of 2.0 on the
dissolution efficiency of Mg and Si in Lz, Chl and Tlc.

The dissolution efficiencies of Mg and Si in Lz, Chl, and Tlc were simulated using an open
mineral-water interface reaction system. The simulations were conducted at a pH value of 2.0, and
various models were compared. Ultimately, it was determined that the Logistic model effectively
replicated the variations in dissolving percentages of Mg and Si in the three minerals as time
progressed. The applicability of the Logistic function to investigations relating to clay minerals has
been confirmed (Zhang et al. 2013; Chassagne, 2021; Chassagne and Safar, 2020; Ali and Chassagne,
2022). The Logistic function accurately fits the curve and shows strong agreement with the
experimental values (R > 0.998). The formula derived from curve fitting can be used to compute the
dissolving percentages of Mg and Si in Lz, Chl, and Tlc at various reaction durations. Furthermore, it
can also forecast the highest levels of dissolution for Mg and Si among the three minerals when
exposed to sulfuric acid solution with a pH value of 2.0. As an illustration, Lz attains a condition of
equilibrium when the proportion of Mg that dissolves is precisely 50.35%. Chl and Tic, both

belonging to the 2:1 type minerals, have maximum solubility percentages of Mg of just 4.72% and
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1.58% respectively. These percentages are significantly lower than those of 1:1 type Lz. The
maximum dissolution efficiency of Si in Lz, Chl and Tlc is less than Mg, and the difference of the
maximum dissolution efficiency of Si in different layer structure minerals is small. The Si in Tlc
exhibits exceptional stability, with a maximum dissolution efficiency of merely 0.30%. At pH values
of 4.0 and 6.0, the concentration of H” ions are low and the reaction time is short. As a result, at the
first stage of the dissolving process of Mg and Si in minerals, there is no suitable condition for
establishing a model. Therefore, this study only established a model to simulate the dissolution
efficiencies of Mg and Si in Lz, Chl and Tlc at a pH value of 2.0.

The investigation of the reaction kinetics model of Lz, Chl, and Tlc can directly illuminate the
chemical reaction process of the mineral-water interface in an acidic medium and contribute to a
better understanding of the mechanism of interaction between the two interfaces. In addition to
forecasting the next experimental studies, the model's development can offer theoretical direction for

the ion dissolution and migration of minerals in the aqueous media.

Conclusion

The leaching studies demonstrated that the pH values and reaction time have a significant impact
on both the dissolution efficiencies and dissolution rates of Lz, Chl, and Tlc. Furthermore, they also
result in the differential dissolution of Mg and Si components. The dissolution efficiency of Mg in Lz
is higher than that of Chl and Tlc in acidic environment with pH values of 2.0,4.0 and 6.0. The
dissolution efficiency of Mg in Chl is greater than that of Tlc in acidic environment with pH values of
2.0 and 4.0. At pH value of 6.0, the dissolution efficiency of Mg in Chl and Tlc is basically the same.

This phenomenon is related to the defect site on the tetrahedral sheet of Chl and is controlled by the
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change of the dissolution efficiency of Al.

The dissolution of Lz, Chl, and Tlc in sulfuric acid solution with varying pH values significantly
affects the Mg/Si ratio and the speeds at which Mg and Si dissolve, and follows distinct dissolving
patterns. The general trend is that the Mg/Si ratio can be observed to decrease gradually with the
increase of reaction time in acidic media with pH of 2.0, 4.0 and 6.0. The Mg/Si ratio of Lz and Tlc is
closer to the ideal stoichiometric ratio with the increase of pH. The dissolution rates of Si and Mg in
Lz, Chl and Tlc decrease with the increase of reaction time in acidic medium with pH values of 2.0,
4.0 and 6.0, and there are two linear dissolution trends at different pH values. One reason is the
dissolution of fine particles and the preferential reaction of high surface activation energy regions or
defect sites on large-particle minerals, and the other reason is the structural difference between 1:1
type minerals and 2:1 type minerals. That is, the rapid ion exchange reaction between H" in the acidic
medium and Mg located in the outer layer of the octahedral sheet of 2:1 type minerals.

A model was established to simulate and forecast the dissolution efficiencies of Mg and Si in Lz,
Chl, and Tlc. The highest dissolving percentages of Chl and Tlc as 2:1 type minerals are determined to
be only 4.72% and 1.58%, respectively. These values are significantly lower than the dissolution

efficiency of 1:1 type Lz.
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